Abstract-Closed-loop control provides a challenge for fault diagnosis in electric machines due to inherent compensation provided by the controller. This paper presents a method to detect static and dynamic air-gap eccentricities in doubly-fed induction generators (DFIGs) operated for closed-loop stator power control. A model of the eccentric machine is first developed using modified winding function theory (MWFT) and a suitable reference frame is chosen so as to decouple the flux equations and dynamically simulate the machine. A modified control technique is proposed to enable detection of air-gap eccentricities. The technique helps detect and differentiate or isolate this fault from grid-voltage unbalances and stator and rotor electrical faults that produce similar effects. The proposed method looks at low frequency fault signatures which can be detected using the DSP controller that is part of the drive. The effectiveness of the proposed control is verified using simulations and preliminary experiments performed on a laboratory set-up.
INTRODUCTION
With the widespread use of doubly-fed induction generators (DFIG) in wind energy systems at the 1.5MW power range, condition monitoring is being given importance. Non-invasive techniques like Motor Current Signature Analysis (MCSA) which involves monitoring specific frequency components in the current spectrum are preferred over analysis of magnetic field, temperature, vibrations or acoustic noise which requires external installations for sensing purposes. The drawback of MCSA is that most frequency components are not exclusive to a particular type of fault making it difficult to isolate the cause after detection [1] . Another drawback of MCSA is condition monitoring in closed-loop controlled systems. In this case, the effect of the fault on the stator current is compensated by the controller and the extent of compensation depends on the frequency response characteristic of the closed-loop system. This has led to the development of new techniques for fault detection in closed-loop systems [2, 3, 4] . DFIGs used in wind energy conversion systems are operated for closed-loop control of stator active (P) and reactive power (Q) that is injected into the grid. The variable voltage variable frequency AC to AC converter is connected to the rotor circuit of the DFIG and supplied from the grid. By using stator flux oriented vector control techniques decoupled control of stator P and Q can be achieved through the rotor side converter [5] . This enables variable speed power generation where the power rating of the rotor side converter depends on the operating speed range.
Although conventional fault diagnostic techniques can be applied to DFIG based wind energy conversion systems there are techniques that have been developed specifically for these systems taking into account the dynamics of the closed-loop control. This enables on-line condition monitoring that is critical for stable operation of the wind power system. In [6] the measurement of partial discharges from the insulation, axial flux in the air-gap, negative sequence component of stator current and negative sequence impedance to detect stator electrical unbalances in DFIG based renewable generators have been investigated. In [7] , the authors have analyzed the frequency spectrum of the rotor voltage reference generated by the control system of a DFIG to detect signatures caused by stator and rotor asymmetries. It has been assumed that the controller compensates the effect of the fault and hence the fault signatures show up in the output of the controller. However this depends on the closed-loop gain at a particular disturbance frequency and is not the same for all frequencies. This paper introduces a modified control algorithm to enable detection of static and dynamic eccentricities in DFIGs operated in a closed-loop for stator P and Q control. A DFIG with air-gap eccentricity is mathematically modeled using MWFT and a new reference frame is used to decouple the flux equations and dynamically simulate the eccentric machine in MATLAB Simulink ® . The simulation results are used to study the effect of eccentricity faults on the closed-loop system and a modification is proposed to enable detection and isolation of the fault from other faults that produce identical effects. The proposed method is supported by simulation and experimental results.
II. MODELING AND SIMULATION OF AN ECCENTRIC DFIG
Modified Winding Function Theory (MWFT) [8] presents a method to build a coupled magnetic circuit model of a machine with odd harmonics in the air-gap function. The air-gap function (g) for static and dynamic eccentricity in a round rotor configuration is given by [9] , ( ) 
Here, α = φ for static eccentricities and α = φ -θ r for dynamic eccentricities. E is the relative eccentricity which is the ratio of the distance between the centers of the stator and rotor and the average air-gap length ( g ), φ is the spatial angle and θ r = ω r t is rotor electrical angle. Using MWFT, the equation for mutual inductance between two windings A and B in terms of the modified winding function M A (φ) of A and the turns function n B (φ) of B is given by [8] ,
For a DFIG with sinusoidal winding distribution with N t turns, 'P' pole pairs, radius 'r' and length 'l', the d and q axis flux equations in the synchronous reference frame rotating at θ = ω e t are given by (5) and (6) . The spatial reference is fixed along the magnetic axis of the A phase winding. The flux equations for a healthy machine can be obtained by setting A 0 =1 and A 1 =0 in (5) . Equation (5) 
Assuming a constant grid voltage and hence constant stator flux, the 2f component of the inductance causes identical oscillations in the synchronous stator and rotor currents. This 2f stator current component is rotating in a direction opposite to that of the reference frame. Since the reference frame is moving counter-clockwise at ω e the stator current component due to static eccentricity is moving at 2ω e in the clockwise direction with respect to the frame. A vector diagram of the actual and fault components of the stator current is shown in By moving to a two axis reference frame (x-y) rotating clockwise at ω e with respect to the synchronous frame, it can be seen that the stator current and the fault current component move in opposite directions but at the same speed ω e from the reference axis. This results in decoupling of the flux equations. The new frame is essentially the stationary reference frame for an external observer and the fault current is a negative sequence component. The flux equations transformed to the xy frame are represented by (7) and (8).
In the case of a dynamic eccentricity the flux equations in the synchronous d-q frame can be obtained by replacing θ in (5) with (θ -θ r ). Hence a dynamic eccentricity in the air-gap causes a 2f -2f r component in the inductance and hence synchronous frame currents (ω r = 2πf r ). 
where 
The proposed reference frames can be used to build a dynamic model of the DFIG with static or dynamic eccentricity in the air-gap. The block diagram of a Simulink ® model of the DFIG with static air-gap eccentricity is shown in Fig. 3 . The relative eccentricity E is made a variable input to simulate the operation of the DFIG under varying fault levels. 
The rotor side control loop is closed using two sets of proportional-integral (PI) controllers. The outer control loop is used to obtain the desired rotor current command from the commanded stator power. Since the stator flux is a constant at steady state assuming a stiff bus voltage the flux term in the expression for reactive power shown in (11) can be considered as a constant disturbance and is compensated by the integral action in the PI controller. The inner loop PI controllers are used to produce the required rotor voltages and independently control the rotor currents. The coupling voltage terms in (4) are compensated by adding a feed-forward compensation path. The PI controller gains can be designed using pole-placement techniques [10] .
The flux equation of a DFIG under static eccentricity was derived in the previous section. Under eccentric conditions there is an increase in the constant inductance due to increase in the 1.5L k +0.75L M term with E as seen from (5). The oscillating 2f component is also dependent on the level of eccentricity E. This dependence is determined by (1) and (6) . For a stiff grid voltage this inductance produces a constant and 2f component of stator d and q axis currents. From (10), these components appear in the stator P and Q. The constant current component caused due to interaction of higher frequency current with the 2f component of the inductance is neglected. This assumption is valid for E = 0 to 80%.
It can be seen that the 2f component of the inductance is responsible for the cross-coupling between the d and q axis fluxes. If the conventional control technique is used to close the loop, the error in the command rotor currents i dr and i qr caused by the change in the constant component of inductance is compensated by integral action of the outer loop PI controllers. However, the extent of compensation of the cross-coupled 2f component depends on the controller gains. Hence the presence of static air-gap eccentricity in a DFIG operated using the conventional control scheme is detected by the 2f oscillations in the stator active (P) and reactive (Q) power output. However, the double frequency oscillations in the stator power correspond to negative sequence components in the stator currents. This can also be caused by an electrical unbalance in the grid voltage.
Extending this result for a dynamic eccentricity, the power delivered to the stator has (2f -2f r ) oscillations. Since these oscillations are dependent on the electrical rotor frequency and hence rotor speed the compensation of this signature will be different at different speeds, depending on the closed-loop gain at that disturbance frequency. An electrical unbalance in the rotor circuit caused by inter-turn faults will cause negative sequence components in the rotor circuits which appears as (2f -2f r ) component in the stator power. This makes it difficult to use the (2f -2f r ) and the 2f component of the stator power as fault indicators for static and dynamic eccentricities.
From the above discussion it is clear that the change in constant component of inductance provides a simple way to distinguish or isolate eccentricity faults from electrical asymmetries which can cause similar frequency signatures. This effect can be accounted by introducing a modification in the control loop. Since the integral action of the outer PI controller is responsible for compensating the error caused by the change in the constant component of the inductance, the outer PI controller is replaced by a rotor current estimation block. In the absence of integral action to reject constant disturbances the stator flux λ ds has to be estimated to determine the rotor current command i dr from the commanded reactive power Q. The stator flux can be estimated from the stator voltages and currents as shown below The rotor flux estimation block uses the stator flux and inductances to determine the rotor current command using (11). When there is an eccentricity in the air-gap, there is an increase in the magnitude of the constant component of the inductance. Since the control loop uses the parameters of the healthy machine, the estimated values of i qr and i dr are higher than that required under eccentric conditions. The effect of this change in inductance is greater in the reactive power due to the λ ds term in (11) which is divided by the inductance and negligible in P where inductance terms occur in the numerator and denominator. As a result the injected Q is greater than the commanded value. A block diagram of the rotor current estimation is shown in Fig. 5 . Under static air-gap eccentricities the reactive power has a 2f component in the frequency spectrum and the supplied reactive power does not track the commanded value. The extent of deviation from the command is proportional to the level of static eccentricity. Under dynamic air-gap eccentricities the reactive power has a 2f -2f r component in the frequency spectrum and the supplied reactive power does not track the commanded value. The extent of deviation from the command is proportional to the level of dynamic eccentricity. Other faults like stator and rotor electrical unbalance will not cause an error in the reactive power output.
This method however requires accurate knowledge of the magnetizing inductance L m since the outer loop integrator which nullifies the effect of parametric variations has been removed. However the variation due to saturation is measurable since the DFIG is operated for power control at ±30% of its rated output, and this can be incorporated into the controller.
IV. SIMULATION AND EXPERIMENTAL VALIDATION
The block diagram of an eccentric DFIG shown in Fig. 3 was used to create a model in MATLAB Simulink ® . The parameters of the machine are shown in Table I . The conventional control scheme with the two PI loops is first applied to a DFIG with 50% static eccentricity in the air-gap. The speed is fixed at 0.7p.u. A step function is used to change the reactive power command (Q) from 100Var to 0Var and active power command (P) from 400W to 500W at 0.6s simulation time. The proposed control technique is now applied to the DFIG under the same operating conditions. The reactive output obtained shown in Fig. 7 is found to be larger than the command value. This can be used to detect static eccentricity faults. The 120Hz frequency component can be seen in the reactive power spectrum similar to the conventional control. The error in the reactive power output is 50w. The power output when proposed control applied to a DFIG with 50% dynamic eccentricity running at 0.6 p.u. is shown in Fig. 8 . Fig. 7 . Proposed control applied to a DFIG with 50% static eccentricity Fig. 8 . Proposed control applied to DFIG with 50% dynamic eccentricity running at 0.6p.u. Fig. 9 . Proposed control applied to DFIG with 65% static eccentricity
The fault frequency occurs at (2f -2f r ) = 2(1-0.6) = 48Hz. The error in the reactive power output is 50w. An increase in the eccentricity level increases the deviation of the Q output from the command. This is shown in Fig. 9 where the static eccentricity is increased to 65%. The deviation in average Q is about 70w.
Preliminary experiments were performed by applying the proposed control on a laboratory set-up of a DFIG with an inherent bearing fault. The stator of the DFIG is connected to a three phase balanced resistive load. The rotor is mechanically driven by a DC motor and supplied through a three phase IGBT inverter. A TMS320F2812 TI DSP is used to digitally implement the control algorithm. A layout of the set-up is shown in Fig. 10 . The stator current is analyzed for the frequency components corresponding to static and dynamic eccentricity faults. The 2f component in the synchronous frame stator currents is reflected as an unbalance in the stator phase current and the (2f -2f r ) component in the synchronous frame is reflected as a (2f r -f) component in the stator phase currents. The amount of inherent eccentricity in the machine is determined by identifying these signatures in the phase currents. Since the signature frequency for dynamic eccentricities is dependent on the rotor speed, the stator current spectrum is obtained at two different rotor speeds using a spectrum analyzer. The rotor electrical speed reference is increase from 0.75 p.u. (1350rpm) to 0.8 p.u. (1475rpm). This corresponds to signatures at 30 Hz and 36 Hz on the stator phase current spectrum which can be seen in Fig. 11 .
V. CONCLUSION
This study presents a diagnostic method to detect eccentricity faults in DFIG based wind turbine generator systems. Eccentricity faults have been modeled using MWFT and a new reference frame has been proposed to decouple the flux equations under eccentric conditions. This provides the opportunity to achieve decoupled power control under eccentricity while rejecting the 2f and 2f -2f r components caused by the fault using a suitable controller. The paper also proposes a modification in the control strategy to detect eccentricity faults using the change in the constant component of the inductances which enables differentiating the fault from electrical unbalances in the stator and rotor circuit that can cause identical signatures.
Since the diagnosis is based on detecting low frequency and DC signatures it can be easily implemented on the DSP that is used to drive the motor. The method also provides an estimate of the level of eccentricity based on the extent of deviation of the supplied reactive power from the command value.
